1. Introduction {#sec1}
===============

As of May 31, 2020, nearly 6 million cases of coronavirus disease 2019 (COVID-19) and over 350,000 deaths from the disease, have been reported worldwide \[[@bib1]\]. A novel coronavirus is the cause of COVID-19. Taxonomically, SARS-CoV-2 forms a clade within the subgenus sarbecovirus, orthocoronavirinae subfamily \[[@bib2]\]. SARS-CoV-2 has a positive single-stranded RNA genome, approximately 29.8 kb, including a various number (from 6 to 11) of open reading frames (ORFs) \[[@bib3]\]. The first ORF, representing over 60% of the entire genome, encodes 16 non-structural proteins, while the remaining ORFs encode auxiliary proteins and four structural proteins \[[@bib4]\]. The four structural proteins are the small envelope protein (E), matrix protein (M), spike surface glycoprotein (S), and nucleocapsid protein (N) \[[@bib5]\].

The SARS-CoV-2 nucleocapsid protein (hereafter, referred to as nCoV N) accounts for the largest proportion of viral structure proteins and is the most abundant protein in virus-infected cells. Its primary function is to package the viral RNA genome into a ribonucleoprotein complex, the capsid \[[@bib6]\]. The nucleocapsid protein encoded by SARS-CoV-2 can act as a viral inhibitory factor of RNA interference in cells \[[@bib7]\]. Furthermore, it has been shown that the N protein of SARS-CoV can modulate the host cellular machinery and it may serve in a regulatory role during the viral life cycle \[[@bib8]\]. Therefore, the nucleocapsid protein is a crucial multifunctional protein, involved in the process of virus infection, replication, and packaging \[[@bib9]\].

In general, viral nuclear proteins can enter the host nucleus and interact with a variety of host proteins to interfere with the life cycle of the host cell. It has been shown that the coronavirus N protein is not only localized in the cytosol but also, to a certain extent, translocated into the nucleus where it may interact with various cellular proteins that modulate cellular functions \[[@bib10]\]. This process may depend on interaction of the N protein with the proteasome activator PA28γ, which is localized in the nucleus. PA28γ could be critical for degrading the SARS-CoV-19 nCoV N protein in the nucleus as part of the 20S proteasome, which acts to degrade proteins in a ubiquitin-independent manner, such as seen in the hepatitis C virus (HCV) core protein \[[@bib11]\].

The proteasome has an important role in the degradation of unneeded or damaged proteins by proteolysis. Two distinct proteasomes differentially target proteins for degradation. The 26S proteasome, formed by association of the 20S catalytic core (composed of α and β subunits) with the 19S regulator, is responsible for degradation of the majority of proteins through a ubiquitin (Ub)- and ATP-dependent pathway \[[@bib12]\]. Additionally, the 20S proteasome, which is required for the Ub- and ATP-independent degradation of specific target substrates, is generated by a combination of one 20S catalytic core and one proteasomal activator 28 (PA28) member \[[@bib13]\]. Of the three PA28 family members, PA28γ (also called REGγ, 11Sγ, PSME3, or Ki antigen) is implicated in tumorigenesis because it regulates cell proliferation and apoptosis, and it predominantly exerts its function through nuclear proteolysis \[[@bib14]\]. PA28γ has been known to target numerous intact proteins directly through proteasomal degradation. This establishes the function of PA28γ in a variety of biological processes with physiological and pathological relevance. In addition, PA28γ can also regulate some viruses such as the HCV core protein, hepatitis B virus X protein, and human immunodeficiency virus type 1 Tat \[[@bib15]\]. The nuclear retention and stability of PA28γ are regulated via a PA28γ-dependent pathway through which HCV pathogenesis may be exerted \[[@bib16]\]. Moreover, the HCV core protein can decrease 20S proteasome activity in the presence of PA28γ \[[@bib17]\].

It has been proposed that the ubiquitin-proteasome system plays a critical role during various stages of the coronavirus infection cycle \[[@bib18]\]. In turn, the proteasomal inhibitor MG132 strongly inhibits SARS-CoV replication by interfering with early steps of the viral life cycle \[[@bib19]\]. However, the potential role of the Ub- and ATP-independent degradation pathway in the field of coronavirus research is unknown. A previous study found that the SARS-CoV N protein can interact with the host cell proteasome subunit p42, a subunit of the 26S proteasome \[[@bib20]\]. The two activators, PA28 and 26S, can bind to the Ub- and ATP-independent 20S proteasome simultaneously \[[@bib21]\]. Thus, there may be a connection between the SARS-CoV N protein and PA28. Owing to over 90% amino acid sequence similarity between SARS-CoV N protein and the SARS-CoV-2 N protein \[[@bib22]\], the latter nCoV N protein may be presumed to play the same role in this process. The precise role of PA28γ in the degradation of coronavirus proteins is still unclear. In the present study, we found that the N protein of SARS-CoV-2 could be degraded by PA28γ in vitro. This may indicate that PA28γ is a regulator for SARS-CoV-2 N protein degradation. We also investigated the interaction between SARS-CoV-2 N protein and the PA28γ-20S proteasome system through a co-immunoprecipitation assay. This new finding provides a clue for understanding the previously unresolved physiological roles of the proteasome-dependent degradation of the SARS-CoV-2 N protein during pathogenesis of COVID-19.

2. Materials and methods {#sec2}
========================

2.1. Plasmids and reagents {#sec2.1}
--------------------------

Plasmid Flag-PA28γ, FRT-PA28γ, and FRT-PA28γN151Y were previously generated \[[@bib23]\]. HA-2019-nCoV-N was generated by polymerase chain reaction using the primers Forward: 5′-CCGCTCGAGATGAGCGATAACGGTCCGC-3′ and Reverse: 5′-CGCGGATCCTTACGCTTGGGTGCTATCCGC-3′ and was inserted into the pSG5 vector. The template gene, pET-32a-N-protein, was kindly provided by Dr. Tao from Shanghai Center for Systems Biomedicine, Key Laboratory of Systems Biomedicine (Ministry of Education), Shanghai Jiao Tong University. The clone was constructed following standard molecular cloning technology and confirmed by DNA sequence analysis.

The sources of the following antibodies and reagents were as follows: rabbit anti-HA (HUABIO, Hangzhou, China), anti- mouse Flag (MBL, Beijing, China), mouse anti-β-actin (MBL), and PA28γ (Abcam, Cambridge, UK); Flag-M2 beads, HA-beads, and cycloheximide (Sigma-Aldrich, St. Louis, MO).

2.2. Cell culture and transfection {#sec2.2}
----------------------------------

The 293T cells were purchased from ATCC; the 293T (PA28γ-knockout) cell was constructed by TALENT. Cells were cultured in Dulbecco's modified Eagle's medium. Fetal bovine serum 10% and antibiotics were added to the media.

The 293T cells (PA28γ WT and PA28γ knockout) were transiently transfected with the plasmid HA-pSG5-nCoV-N, and Lipofectamine 2000 transfection reagent (Invitrogen) was used depending on the manufacturer's instructions.

2.3. Protein degradation in vitro assay {#sec2.3}
---------------------------------------

The PA28γ and 20S proteasome proteins were purified well \[[@bib24]\]. The SARS-CoV-2 N protein was created by in vitro translation using the TNT kit (Promega).

2.4. Immunofluorescence (IF) staining {#sec2.4}
-------------------------------------

The day before the experiment, the cells were inserted into 60-mm dishes covered with sterile slides and maintained at 37 °C in 5% CO2 until they were attach to the plate about 24 h later. The cells were then fixed using 4% paraformaldehyde for 10 min at room temperature. After washing with PBS. Again, cells were blocked using 4% serum for 1 h. Next, anti-HA was added and the cells were incubated at 4 °C overnight. Subsequently, cells were incubated with fluorescent secondary antibody for 1 h at room temperature. Cell images were visualized using a fluorescence microscope.

2.5. Co-immunoprecipitation (Co-IP) {#sec2.5}
-----------------------------------

Cells were collected and lysed on ice using the following lysis buffer. The 10% cell lysate was collected to be the input of Co-IP assay.

3. Results {#sec3}
==========

3.1. PA28γ interacts with nCoV N {#sec3.1}
--------------------------------

The previous studies have demonstrated that PA28γ can bind to the core protein of HCV and promote its degradation \[[@bib11]\]. Thus, to investigate whether exogenous PA28γ can interact with nCoV N, we carried out a co-IP assay. The data support an interaction between PA28γ and nCoV N. Both plasmids Flag-PA28γ and HA-nCoV-N were transfected into 293T cells. PA28γ was immunoprecipitated with an anti-Flag antibody ([Fig. 1](#fig1){ref-type="fig"} A). nCoV N could easily be observed in the immunoprecipitate by Western blot analysis. Similarly, PA28γ was readily detected using an anti-HA antibody ([Fig. 1](#fig1){ref-type="fig"}B). Our results demonstrate that exogenous PA28γ can physically interact with nCoV N.Fig. 1PA28γ can regulate nCoV N by binding and degradation. (A) The 293T cell lines were co-transfected with HA-nCoV-N and Flag-PA28γ plasmids and then subjected to immunoprecipitation with conjugated anti-Flag beads. (B) The 293T cell lines were co-transfected with the indicated plasmids and then subjected to immunoprecipitation with conjugated anti-HA beads. All samples were analyzed by western blotting using the indicated antibodies. (C) Degradation dynamics of nCoV N following a time-course treatment with cycloheximide (CHX, protein synthesis inhibitor, 100 μg/ml) in 293T PA28γ wild-type and 293T PA28γ knockout cell lines. HA-nCoV-N means the expression of nCoV N after the transfection of the plasmid HA-pSG5-nCoV N, PA28γ means the endogenous PA28γ expression in 293T cell lines (it does not express in KO cell line), actin is used as a reference. (D) According to Western blot bands intensity, the expression of nCoV N in 293T WT and KO could be calculated. Normalized with actin, the quantification of nCoV N degradation was demonstrated. WT, wild-type PA28γ; KO, knockout PA28γ. (E) In vitro proteolytic analysis of PA28γ-mediated degradation of nCoV N. Purified PA28γ, 20S proteasome, and in vitro-translated nCoV N were incubated as indicated and described in materials and methods. PA28γ means the PA28γ protein expression, HA-nCoV-N means the nCoV N translated protein expression and GAPDH means the reference. (F) Quantification of nCoV N relative expression was normalized with the vitro-translated nCoV N. Results presented as the means ± SEM. ∗p \< 0.05; ∗∗p \< 0.01 versus control, n = 3.Fig. 1

3.2. nCoV N regulation in PA28γ-WT and PA28γ-KO cell lines {#sec3.2}
----------------------------------------------------------

Next we determined whether endogenous PA28γ plays a role in the degradation of nCoV N. The 293T cells (PA28γ-WT and PA28γ-KO) were transfected with the plasmid HA-pSG5-nCoV N and then treated with cycloheximide (CHX) for the indicated times. We found that after 12 h, the expression of nCoV N was higher in PA28γ-KO cells than in WT cells ([Fig. 1](#fig1){ref-type="fig"}C), indicating that the protein was more stable in the absence of PA28γ in the cells. Moreover, the stability of nCoV N protein in PA28γ-WT was lower than that in the PA28γ-KO cell line over time ([Fig. 1](#fig1){ref-type="fig"}D). Taken together, the data show that endogenous PA28γ may have an effect on the degradation of nCoV N protein through interaction.

3.3. PA28γ promotes the degradation of nCoV N {#sec3.3}
---------------------------------------------

PA28γ has been known to direct proteasomal degradation of a number of complete proteins. And the 20S proteasome is responsible for Ub- and ATP-independent degradation of specific target substrates, in combination with PA28γ. Therefore, to further validate the role of PA28γ in the degradation of nCoV N, we performed an in vitro proteolytic analysis of nCoV N. We found that nCoV N exhibits remarkable down-regulation in the presence of PA28γ and the 20S proteasome, while PA28γ or 20S proteasome alone serves no function in the degradation of nCoV N ([Fig. 1](#fig1){ref-type="fig"}E and F). These data indicate that PA28γ can promote the degradation of nCoV N in a 20S proteasome- dependent manner.

3.4. PA28γ-mediated degradation of nCoV N {#sec3.4}
-----------------------------------------

To verify the effect of PA28γ on the degradation of nCoV N, we co-transfected PA28γ and HA-nCoV N into 293T-PA28γ KO cell lines. EV-pSG5+PA28γWT, EV-pSG5+PA28γ, N151Y, and HA-nCoV + EV-FRT were transfected into cells as negative controls for comparison. As expected, the level of nCoV N was significantly reduced when exogenous PA28γ was normally expressed in the cell. In addition, when the inactive mutant N151Y PA28γ was transfected into the cells with HA-nCoV, we found that the level of nCoV N remained relatively equal to that of the control ([Fig. 2](#fig2){ref-type="fig"} B, C and D). This confirmed that the degradation of nCoV N could be mediated by PA28γ. We further investigated the effectiveness of the expression of PA28γ on the degradation of nCoV N by adding an equal amount of EGFP expression plasmid to detect the expression efficiency. We found that the increased expression level of PA28γ resulted in a marked reduction in nCoV N protein in a dose dependent manner ([Fig. 2](#fig2){ref-type="fig"}A), confirming that it was the PA28γ that promotes the degradation of nCoV N and its effectiveness is related to dosage.Fig. 2PA28γ-mediated degradation of nCoV N in 293T cells. (A) The 293T cells were co-transfected HA-nCoV-N with increasing amounts of PA28γ. The nCoV N protein levels were determined by western blotting. A constant amount of an enhanced green fluorescent protein (EGFP) expression plasmid was included to monitor transfection efficiency. (B) The 293T PA28γ KO cells were transfected the same amount of only HA-nCoV-N, HA-nCoV-N with FRT-PA28γ wt and HA-nCoV-N with FRT-PA28γN151Y. (C) Cells were transient transfected with the same amount of HA-nCoV-N, FRT-PA28γ wild-type, FRT-PA28γ N151Y, HA-pSG5 vector, and FRT vector using Lipo2000 transfection reagent for 48 h. Protein expression was detected using anti-PA28γ, anti-HA, and anti-actin antibodies. Non-transfected 293T cells were used as a control. (D) Quantification of nCoV N relative expression. Data are presented as means ± SEM. ∗p \< 0.05; ∗∗p \< 0.01 versus control, n = 3.Fig. 2

3.5. Location and expression of nCoV N in 293T cells {#sec3.5}
----------------------------------------------------

To more intuitively reflect the promoting effect of PA28γ on nCoV N degradation, immunofluorescence staining assay was used. The same amount of HA-nCoV-N was transfected into 293T cells lines (PA28γ-WT and PA28γ-KO). The expression level of nCoV N protein (red) in the PA28γ-KO cell lines was observed to be prominently higher than that in the PA28γ-WT cell line ([Fig. 3](#fig3){ref-type="fig"} C and D), confirming that PA28γ deficiency promotes nCoV N in the cell line.Fig. 3Location and expression of nCoV N in 293T PA28γWT and PA28γKO cells. (A) Cells were transiently transfected with HA-nCoV-N, fixed, and immunostained with anti-HA (red color). Cell nuclei were stained with DAPI (blue color). Scale bar: 50 μm. (B) Quantification analysis of nCoV N expression as a percentage per cell of three independent experiments (n = 100; values represent the mean ± SEM; ∗p \< 0.05; ∗∗p \< 0.01 versus control). (C) Cells were transiently transfected with the same amount of HA-nCoV-N plasmid, fixed, immune-stained with anti-HA (red color), and stained with DAPI (blue color). Scale bar: 100 μm. (D) Quantification analysis of nCoV N expression as a percentage in the same cell area. Each data set represents three independent experiments (n = 300 . values represent the mean ± SEM; ∗p \< 0.05; ∗∗p \< 0.01 versus control). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

We then investigated the cellular localization and expression of nCoV N in 293T cells under the regulation of PA28γ by immunofluorescence staining. The same amount of nCoV N was transfected into 293T cell lines (PA28γ-WT and PA28γ-KO). In the PA28γ-WT cell lines, the nCoV N protein (red) was prominently expressed in the cytoplasm, while in the PA28γ-KO cell lines it existed both in the nucleus and the cytoplasm ([Fig. 3](#fig3){ref-type="fig"}A). In addition, the total expression of nCoV N was quantified and, as expected, PA28γ-WT cell lines exhibited a decrease in nCoV N ([Fig. 3](#fig3){ref-type="fig"}B). PA28γ has been known to express in the nucleus \[[@bib11]\]. Therefore, our results indicate that the nCoV N in the nucleus was degraded under the regulation of PA28γ, while that in the cytoplasm was not.

3.6. Cartoon depicting the nCoV N protein degradation process through the PA28γ-20S system {#sec3.6}
------------------------------------------------------------------------------------------

A schematic diagram of the degradation process shows that PA28γ first binds with nCoV N and transports it to the 20S proteasome subunit where internal degradation occurs ([Fig. 4](#fig4){ref-type="fig"} ). Thus, the time of existence of nCoV N in the nucleus is much shorter compared to that in the cytoplasm.Fig. 4Schematic diagram of the progress of PA28γ-20S degradation of nCoV N. nCoV N enters the nucleus, binds to PA28γ, and is then degraded internally under the action of the 20 S proteasome. nCoV N is internally after 20S proteasome binding to PA28γ.Fig. 4

4. Discussion {#sec4}
=============

An increasing number of studies have shown that the proteasome is associated with viral infection, and there is evidence that HCV core proteins can be degraded through the PA28γ-20S system. That is, the nuclear retention and stability of HCV core proteins are regulated by PA28γ-dependent pathways such that the pathogenicity of HCV may be achieved through this pathway \[[@bib16]\]. In addition, the human immunodeficiency virus-1 (HIV-1) Tat protein can inhibit the peptidase activity of the 20S proteasome by competing with the 11S/PA28 regulator (REG) for binding at the REG/Tat-proteasome-binding (RTP) site and interfering with antigen processing \[[@bib25]\]. It has been shown that the hepatitis B virus X protein-derived polypeptide, harboring the α4 proteasome subunit binding motif, impairs the activation of 20S proteasomes by PA28 \[[@bib26]\]. The coxsackievirus infection can be enhanced by proteasome activator PA28γ promoting p53 degradation \[[@bib27]\], similar to the mechanism of degradation observed in the HBx virus \[[@bib28]\]. Furthermore, protein p30 interactions with PA28γ may also affect ATM functions and increase cell survival \[[@bib29]\]. On the other hand, PA28γ acts as a co-repressor of HTLV-1 p30 to suppress virus replication and is required for the maintenance of control viral latency \[[@bib33]\]. Therefore, previous studies have shown that PA28γ is closely related to the HTLV-1 virus and plays an indelible role in the formation and spread of the virus. Additionally, the ability of PA28γ to promote viral protein degradation suggests its involvement in viral pathogenesis.

Studies also have demonstrated that the novel coronavirus nucleocapsid protein (N) shares nearly 90% amino acid sequence homology with SARS coronavirus. SARS coronavirus N protein antibodies can cross-react with novel coronavirus, but cannot provide cross-immunity. Similar to SARS-CoV, nCoV N proteins can inhibit RNA interference (RNAi) to overcome the host defense \[[@bib32]\]. Early research revealed the involvement of the ubiquitin-proteasome system (UPS) in multiple steps of the coronavirus infection cycle and identified UPS as a potential drug target to modulate the significance of coronavirus infection \[[@bib18]\].

In the present study, we found that a novel ubiquitination-independent pathway could regulate the protein levels of nCoV N, and PA28γ could control the abundance of nCoV N by regulating its stability. In addition, we showed that PA28γ interacts with nCoV N and promotes its intracellular degradation. SARS coronavirus nucleocapsid protein is a very important viral structural protein and an important indicator in early diagnosis due to its abundance and high conservation in cells. Studying nucleocapsid protein structural function, how it participates in transcription and translation, the molecular mechanism in virus-infected cells, and the regulation of gene expression will help to thoroughly understand SARS coronaviruses and find effective methods for prevention and treatment of related diseases \[[@bib6]\]. When SARS-CoV-2 invades the human body, it makes contact with human immune cells, thus causing the immune cells to produce massive IFN-γ, and IFN-γ can induce PA28γ \[[@bib32]\]. This in turn stimulates proteasome activity resulting in degradation of the coronavirus N protein. As a result, virus production is blocked and proliferation and diffusion are greatly amelioraten.

In conclusion, our study substantiates that PA28γ could mediate the degradation of nCoV N. These results suggest that the PA28γ interaction has an important role in regulating 20S proteasome activity and furthers our understanding of the pathogenesis of 2019-nCoV. However, this interaction correlates to the of truncated nCoV N, further work is necessary to locate the accurate region of nCoV N interact with PA28γ. In addition, some mechanisms may be found. Understanding the precise function of PA28γ may give us new insight into virus-cell interactions and lead to a greater understanding of the pathogenicity of 2019-nCoV infection.
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